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Abstract 
Polyetheretherketones (PEEK) have been increasingly employed as biomaterials for trauma, orthopedic, and spinal implants. 
These implants are commonly fabricated by extrusion and injection molding, and for this fact, additional machining operations 
are required. Surface roughness is a vital factor for medical implants since the cells of the surrounding tissue interact with the 
underlying substrate on the micro and nanometer scales. For some application, such as self-mating articulation cervical disc 
implants smooth surface finish is critical so as to minimize the contact friction and wear. The requirement for a fine surface 
roughness poses a major concern in machining of polymeric base materials due to its low thermal conductivity. Machining 
performance such as surface roughness is directly affected by the milling parameter and should be methodically analyzed. Thus, 
this paper aims to study the effect of milling parameter on surface roughness of PEEK plastic under dry machining condition. 
Response Surface Methodology (RSM) technique was used to evaluate the influence of milling parameter namely cutting speed, 
feed rate and depth of cut on machined surface. From the conducted study, based on the statistical analysis result it is found that 
feed rate is the main factor that influence the surface roughness followed by milling speed and depth of cut. In addition, optical 
observation on the machined surface indicated that the mechanisms of the surface finish obtained from machining of polymeric 
based composites are different from those obtained from machining of the metals. It shows that there is some form of polymeric 
softening taking place when the cutting speed exceeded a critical cutting speed. 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and peer-review under responsibility of The Malaysian Tribology Society (MYTRIBOS), Department 
of Mechanical Engineering, Universiti Malaya, 50603 Kuala Lumpur, Malaysia. 
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1. Introduction 
Polyetheretherketones (PEEK) are polymeric based composites that has resistance to chemical and radiation, 
excellent stability in high temperature, good strength and biocompatible [1]. It is a semi-crystalline polymer which 
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consists of polyaromatic ketones that contributed to toughness, stiffness and flexibility of its structure. Due to its 
enhanced chemical and mechanical structure, PEEK thermoplastic has widely used in many applications such as 
aerospace, semiconductor, electronics and biomedical industries [2]. PEEK commercialized as implant components 
for orthopedic and trauma applications because of its biodegradable characteristics and promote non-allergic 
reactions compared to the metal implants [3]. Fig. 1 shows the example of PEEK self-mating articulation cervical 
disc implants.  
Processing for some plastics can be easily scaled up to meet the increasing demand for product parts. 
Incorporating plastic technologies (for example, injection molding) means that the economics of production are 
viable on a larger scale, while complex shapes can be formed as required to aid device fabrication. However, often 
for prototype designs or short production runs, it is not economically viable to manufacture by an injection molding. 
Under such circumstances, it is common to employ a machining process on the PEEK polymer materials to form the 
components [4]. Traditional manufacturing methods associated with metallic implants are generally not satisfactory 
for polymeric materials. Polymers are relatively soft when compared to implant alloys and this can create 
manufacturing problems related to machining, deburring, and cleaning operations. 
 
 
Fig. 1. PEEK self-mating articulation cervical disc implants. 
Due to the high costs and limited supplier of PEEK, limited numbers of research works have been reported in 
dealing with machining PEEK. Most of the research only concentrated on continuous single point turning process, in 
which, the mechanics of cutting is not complex compared to the interrupted end milling process [5]. The earliest 
work found in the literatures on machining PEEK is by Rahman et al. [6] which studies the machinability of 
carbon/PEEK composites for turning process. Mata et al. [7] also investigated the interaction effects of cutting speed 
and feed rate towards machinability of reinforced and unreinforced PEEK with PCD cutter insert. They found that 
high feed rate will increased the machining power and decreased the cutting pressure at specific cutting speed.  The 
research also shows that reinforced PEEK has poor machinability compared to unreinforced PEEK. Although the 
reinforce elements can improve the strength and stiffness properties, however the machining cost is high as 
reinforced PEEK is extremely abrasive. 
In a series of works, Davim et al. [8] investigated the effect of PCD (Polycrystalline Diamond) tools inserts when 
turning PEEK material with different cutting speed (150 m/min, 250 m/min and 377 m/min) and feed rate (0.05 
mm/rev, 0.1 mm/rev and 0.2 mm/rev). They found that increasing of cutting speed contributed to high cutting 
pressure and minimized the surface roughness value. While increasing the feed rate, lead to low cutting pressure and 
increase the surface roughness value. In their later work [9], they studied the physical cutting model of reinforced 
PEEK CF30 and unreinforced PEEK chip thickness, chip deformation, shear stress and normal stress after 
machining. They demonstrated that, PEEK CF30 has high normal and friction stress compared to unreinforced 
PEEK because of the fibre existence. Meanwhile, chip deformation of PEEK CF30 was smaller compared to 
unreinforced PEEK because of the fragility of the carbon fibre. 
In the literatures, it can be observed that most of the research in machining PEEK only focuses on few areas such 
as turning process, machining parameter, cutting tool material and fibre reinforced type. Little attention is given on 
the effects of milling process parameter due to its complexity [10]. Most of the implant designs are complex in 
nature and for this reason milling process is favorable. Proper selection of machining condition is extremely 
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importance because the quality of surface finish has a major effect on the integrity and the adequate functioning of 
the implants. The applications require high quality machined surfaces, including dimensional accuracy and surface 
integrity. Thus, there exists a strong need to study on the effect of milling parameter on the surface roughness 
formation for effectively machining Polyetheretherketones (PEEK) biomaterial.  
2. Experimental work 
The objective of this experimental work is to evaluate the effect of machining parameter on machined surface 
roughness during the end milling process. The workpiece used in the experiment was unreinforced 
Polyetheretherketones (PEEK) thermoplastic polymer sheet manufactured by TECAPEEK. The test specimen is a 
thin composite sheet (160 mm by 50 mm) with thickness of 15 mm. The mechanical and physical properties of 
unreinforced polyetheretherketone (PEEK) materials are described in Table 1. A two flutes carbide flat end mill with 
a diameter of 10 mm and total length of 70 mm were used for slot cutting test. Slot milling cutting tests were 
conducted using a 5-axis Deckel Maho milling machine to investigate the machining surface roughness with respect 
to the changes in speed, feed rate and depth of cut.  After the machining process, the surface roughness value and 
burr formation were measured using a Mitutoyo SJ-301 portable surface roughness tester and optical microscope 
respectively.  
Table 1. Workpiece and machining parameters used in the experiment 
Workpiece 
Unfilled polyetheretherketones TECAPEEK 
Tensile strength at yield 95 MPa 
Rockwell hardness M 99 
Density 1.32 g/cm3 
Melting temperature 343º C 
Glass transition temperature 143º C 
Coefficient of thermal expansion 50 x 10-6 mK 
 
Response Surface Methodology (RSM) technique was used to evaluate the effect of machining parameter. 
Central-Composite-Design (CCD) with six central points and Į value of 1.68179 was employed as the design of 
experiment matrix. The three significant independent variables considered in this study were spindle speed (A), feed 
rate (B) and depth of cut (C), which are presented in Table 2. Each independent variable were varied over three 
levels between í1 and +1 at the determined ranges based on the recommendations of the cutting tool’s manufacturer 
and the knowledge gathered through contemporary literature on machining polymeric based material. A total of 20 
numbers of experiments was generated for the analysis.   
Table 2. Levels of independent parameters 
Low (-1) Centre (0) High (+1) 
Cutting speed (rpm) 4000 6000 8000 
Feed rate (mm/tooth) 0.2 0.25 0.3 
Depth of cut (mm) 4 6 8 
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Table 3. Central-Composite Response Surface design 
Run Speed Feed Depth of Cut  Run Speed Feed Depth of 
Cut 
1 5000 0.25 6  11 5000 0.25 6 
2 6000 0.2 4  12 5000 0.25 6 
3 5000 0.34 6  13 5000 0.25 6 
4 4000 0.2 8  14 6682 0.25 6 
5 6000 0.3 8  15 4000 0.3 4 
6 4000 0.2 4  16 5000 0.17 6 
7 4000 0.3 8  17 6000 0.3 4 
8 3318 0.25 6  18 5000 0.25 9.4 
9 5000 0.25 6  19 5000 0.25 2.6 
10 5000 0.25 6  20 6000 0.2 8 
3. Results and discussion 
Based on the experimental runs, the observed surface roughness values varied between 0.69 and 3.5 ȝm. Table 4 
shows analysis of variance (ANOVA) of the predicted response surface model on the influence of cutting speed, 
feed rate and depth of cut for a confidence level of 95%. Based on the ANOVA, the quadratic model is found to be 
significant with a P-value of less than 0.05 and F-value of 344.74. The cutting parameters with P-values of less than 
0.05 indicate that these model terms significantly affect the response in the design space. In this model, based on the 
P-value and F-value the significant factor in chronological order from the highest F-value are B, A, B2, C, AB2, A2 
and AC. It can be observed that, feed exerts the strongest effect on the roughness value, whilst cutting speed has a 
secondary influence followed by depth of cut. Although by controlling the feed rate to a minimum value could 
control the surface roughness, however the machining productivity is low. Thus, the optimal combination between 
parameters is necessary to ensure the machining performance can be achieved. In addition, the interaction between 
these two factors (feed rate and cutting speed) also indicated a strong contribution to the model.  Factors that value 
exceeding 0.1000 indicate that model terms are insignificant. Factor BC and C2 are insignificant but not excluded 
from the mathematical model development so as to minimize the deviation between predicted and experimental 
values. 
Table 4. ANOVA result 
Source Sum of Squares DF Mean Square F -Value Prob > F  
Model 13.8424 9 1.53805 344.738 < 0.0001 significant 
A 2.10686 1 2.10686 472.233 < 0.0001  
B 9.90427 1 9.90427 2219.94 < 0.0001  
C 0.36282 1 0.36282 81.3230 < 0.0001  
A2 0.06711 1 0.06711 15.0427 0.0031  
B2 0.54611 1 0.54611 122.405 < 0.0001  
C2 0.00181 1 0.00181 0.40588 0.5384  
AB 0.18605 1 0.18605 41.7012 < 0.0001  
AC 0.04805 1 0.04805 10.7699 0.0083  
BC 0.0032 1 0.0032 0.71724 0.4169  
Residual 0.04461 10 0.00446   
Lack of Fit 0.03068 5 0.00613 2.20203 0.2033 not significant 
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The predicted R2 of 0.981 is in reasonable agreement indicating that only 1.1% of the total dissimilarity might not 
be explained by the empirical model.  For a good fit of a model, the correlation coefficient should be at a minimum 
of 0.80. High R2 value illustrates good agreement between the calculated and observed results within the range of 
experiment. Based on results, the response surface model constructed in this study for predicting surface roughness 
was considered reasonable [11]. The final regression model, in terms of their coded factors, is expressed by the 
following quadratic model equation below; 
 
Surface Roughness (ȝm) = 1.61 - 0.39A + 0.85B + 0.16C + 0.068A2 + 0.19B2 - 0.011C2 - 0.15AB - 0.077AC + 
0.020BC 
 
In Fig. 2a, the 3D response surface and contour plots were introduced as a function of feed rate and spindle 
speed, while the depth of cut was kept constant. As can be seen in Fig. 2a, it indicates that lower feed rate with 
higher speed can reduce the surface roughness value. Fig. 2b shows the 3D response surface and contour plots as a 
function of depth of cut and spindle speed, while feed rate was kept constant. At the maximal point of both 
parameters, minimum surface roughness can be seen in the graph. While the 3D response surface and contour plots 
as a function of depth of cut and feed rate are depicted in Fig. 2c. It can be observed that by reducing the feed rate 
will greatly reduce the surface roughness values. On the other hand, increasing depth of cut slightly reduce the 
surface roughness values.  
Normal probability plots of the studentized residuals and the predicted versus actual value plots were used to 
confirm the adequacy of the real system for approximation. It can be observed that the normal probability plots of 
the studentized residuals for the surface roughness value follow a normal distribution in a straight line. As shown in 
Fig. 4, the predicted values of surface roughness obtained from the model and the actual experimental data were in 
good agreement. 
For an optical observation on the machined surface, the results indicated that the mechanisms of the surface finish 
obtained from machining of polymeric based composites are different from those obtained from machining of the 
metals [12-13]. At a certain location on the machined surface, there is some form of polymeric softening taking 
place. It shows that when the cutting speed exceeded a critical cutting speed limit (TG = 143º C), heat build-up 
between cutting tool and workpiece occurred. PEEK exhibits the same material characteristic as with other 
polymeric material, in which when the machining temperature exceeded the glass transition temperature of the 
material it turn into a rubbery solid and as the temperature increases further, it becomes a viscous liquid. At this 
stage, the cutting is in the rubbery viscous regime as shown in Fig. 5. On the other hands, unsuitable combination of 
machining parameter will affect the burr formation characteristic at the machined edge surfaces. Uncut chip with 
thick and continuous chip morphology can be observed on the side machining surface which indicated a high shear 
stress resulting from unsuitable machining condition as shown in Fig 6.  
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Fig. 2. Response graph of factors interaction for surface roughness (a) feed-speed, (b) depth of cut-speed, and (c) depth of cut-feed 
         
                                                        Fig. 3.  Normal plot of residual.                                    Fig. 4. Predicted versus actual. 
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                       Fig. 5. Polymeric softening on the machined surface.                 Fig. 6. Burr formation on the machined surface. 
4. Conclusion 
Surface roughness is a vital factor for medical implants since the cells of the surrounding tissue interact with the 
underlying substrate on the micro and nanometer scales. For some application, such as self-mating articulation 
cervical disc implants smooth surface finish is critical so as to minimize the contact friction and wear. From the 
conducted investigations, it is evident that machining parameters are important criteria that affect the machined 
surface roughness characteristic. Based on the statistical analysis result it was found that feed rate is the main factor 
that influence the surface roughness followed by milling speed and depth of cut. Although by controlling the feed 
rate to a minimum value could control the surface roughness, however the machining productivity is low. Thus, the 
optimal combination between parameters is necessary to ensure the machining performance can be achieved. Optical 
observation on the machined surface indicated that the mechanisms of the surface finish obtained from machining of 
polymeric based composites are different from those obtained from machining of the metals. It shows that there is 
some form of polymeric softening taking place when the cutting speed exceeded a critical cutting speed.  
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